Seeds of the legume lupin (Lupinus spp.) are becoming increasingly important as human food. 27
Introduction 45
Seeds of the legume lupin are attracting worldwide attention as a potential future staple 46 food (Johnson, Clements, Villarino, & Coorey, 2017). This is due to their multiple roles in 47 farming systems (through nitrogen fixation ability), and their likely benefits for human 48 nutrition and health contributed by the high dietary fibre and protein content. Western Australia 49 (WA) is the world's largest lupin producer, with Lupinus angustifolius (Australian sweet lupin, 50 ASL) being the major species under production. However, ASL has a relatively higher 51 percentage of seed coat, generally 25% of the whole seed, than most of other pulses like 52 soybean (5-8%) and pea (Pisum sativum L.) (9-14%). As a result, flour production from the 53 dehulled kernels for human consumption has a high proportion of commercial loss (~31% in 54 Australia). This represents a tough disposal problem for the industry, since the seed coat has 55 little market value or demand; it is primarily a low value animal feed (Sipsas, 2008) . 56
The seed coat of pulses, including chickpea (Sreerama, Neelam, Sashikala, & Pratape, 57 2010), faba bean (Boudjou, Oomah, Zaidi, & Hosseinian, 2013), field pea (Marles, Warkentin, 58 & Bett, 2013) , lentil (Oomah, Caspar, Malcolmson, & Bellido, 2011) , and mung bean (Luo, 59 Cai, Wu, & Xu, 2016) , is the predominant contributor of polyphenols to the whole seeds 60 (Zhong et al., 2018) . For example, 80.3-84.2% of the total polyphenol and over 83.9% of total 61 flavonoid content of whole mung bean seed is present in the seed coat (Luo et al., 2016) . 62
Additionally, significantly higher polyphenol levels are found in dark coloured (black and red) 63 chickpea and lentil seeds than those in lighter coloured (white and beige) counterparts (Xu, 64 L. albus, and L. angustifolius grown in Brazil is reported to be 1.15 -4.49 mg catechin 66 equivalents (CE)/g dry basis which is much lower than in cotyledons (7.38 -12.42 mg CE/g 67 dry basis) (Ranilla, Genovese, & Lajolo, 2009) . A majority of tannins of lupin, however, is 68 present in the seed coat (Petterson, 1998) . 69
Despite these conflicting results, to the best of our knowledge, no work on identification 70 and quantification of individual polyphenols in lupin seed coats have been reported. Moreover, 71 effects of genotype and environment on the polyphenols in the ASL seed coat has not been 72 investigated. To this end, in this paper, individual polyphenols in ASL seed coat were identified 73 and quantified. Six commercial varieties of ASL grown in two locations in WA were used to 74 evaluate the effects of genotype, environment, and their interaction (G × E) on contents of the 75 individual polyphenolics. 76
Materials and methods 77

Materials 78
Whole seeds (ca 4 kg) of six ASL genotypes (Coromup, Mandelup, Jenabillup, PBA 79 Barlock, PBA Gunyidi and PBA Jurien) harvested from two locations within 2015 growing 80 season were obtained from the Department of Primary Industries and Regional Agriculture and Food (Kensington, WA, Australia). The lupins were grown in Wongan Hills 82 (WH; 30.54 °S, 116.43 °E) and Eradu (ER; 28.70 °S, 115.05 °E) WA. Wongan Hills has a 83 rainfall of 388.4 mm annually and 153.5 clear days with temperature ranging from 12 °C to 84 28 °C, whereas Eradu has a rainfall of 450.4 mm annually but a smaller temperature variation 85 (14.4 °C -24.7 °C) and less clear days (108.1 days) (BOM (Bureau of Meteorology), 2017).
The two locations belong to lupin Agzone 5 and Agzone 2 respectively based on their rainfalls 87 (White, French, McLarty, & Grains Research and Development Corporation, 2008) . The seeds 88 were cleaned manually, vacuum-packed in polyethylene bags and stored in the dark at 4 °C 89 until use. 90
The seeds were dehulled by a laboratory-scale AMAR dehuller (NSIC.SSI, India). Coarse 91 seed coats were separated by a vacuum separator (Kimseed Pty Ltd, WA, Australia) with 92 manual removal of any remaining broken cotyledons. The seed coats were dried at 50 for 93 overnight and milled to flours using a ZM 200 Retch Mill (Retsch Gmbh & Co, Haan, 94
Germany), then passed through (> 97 %) a 500 μm screen. The resulting seed coat flours were 95 thereafter vacuum-packed in polyethylene bags and stored at 4 in the dark until analysis. 96
Reagents and polyphenols standards 97
Hydrochloric acid, sodium hydroxide, ethyl acetate, and LC-MS grade acetonitrile, formic 98 acid and methanol were purchased from Thermo Fisher Scientific (Scoresby, Vic, Australia). 99
Authentic standards, including caffeic acid, trans-cinnamic acid and ferulic acid were 100 purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). Vitexin (apigenin-8-C-101 glucoside), p-coumaric acid, protocatechuic acid and genistein were purchased from Cayman 102 Chemical (Redfern, NSW, Australia). 103
Extraction of free and bound phenolic compounds 104
Free polyphenols extraction: Polyphenols were extracted as described by our research 105 team (Wu et al., 2016) . Duplicate 2 g samples of each ground lupin seed coat was mixed with 106 After vortexed for 10 s, the tube was covered by aluminium foil and mixed by rotational-108 shaking for 2 h in the dark followed by centrifugation at 3220 ×g, 4 °C for 10 min. The residue 109 was extracted twice more with 7 mL of 80% methanol, the supernatants were then collected, 110 pooled and made up to 25 mL with 80% methanol. Extracts were stored at -80 °C before free 111 phenolics analysis (FP fraction). 112
Bound polyphenols extraction:
The seed coat residue from free fraction extraction was 113 transferred to 50 mL tube and mixed with 15 mL 2 mol/L NaOH. The mixture was vortexed 114 for 10 s; then the tube was flushed with N2, capped and sealed. After covered by aluminium 115 foil and rotational-shaken for 2 h at ambient temperature, the mixture was acidified to pH 2 116 with 12 mol/L HCl. Alkaline hydrolysed previously-matrix bound phenolics (BP fraction) was 117 extracted with 15 mL ethyl acetate, intermittently shaken for 10 min then centrifuged at 3220 118 ×g, 4 °C for 5 min. Organic layer was collected and the extraction was repeated for 5 times. 119
The combined extract was evaporated at 30 °C under N2 to dryness. Extract was re-suspended 120 with 10 mL of 100% methanol and stored at -80 °C before use. 121
HPLC-DAD-ESI-MS/MS analysis 122
Individual polyphenols were identified and quantified according to the procedure 123 developed by our research group (Wu et al., 2016) with minor modifications. An Agilent 1200 124 auto-sampler HPLC system was coupled to diode array detector (DAD) and an MS/MS system 125 (Agilent 6460 LC-QQQ, Agilent Technologies, Palo Alto, CA, USA). The DAD was set to 126 monitor signals at 190-600 nm with resolution of 2 nm. After filtering through a millipore 127 membrane (0.22 μm), samples (20 μL) were injected into the Kinetex XB-C 18 reversed phase-HPLC column (5 μm, 250 × 4.6 mm, Phenomenex, Torrance, CA, USA) at 25 °C. Solvent A 129 consisted of 0.05% formic acid in water; solvent B was acetonitrile. Flow rate was set at 0.5 130 mL/min to facilitate the coupling to mass spectrometer. A linear gradient elution was conducted: 131 linear to 8% B from 0% B in 18 min, and changed to 18% B in 2 min, to 20% B in 15 min, 132 then linear to 80% B in 10 min, and finally to 100% B in 2 min. This was followed by extra 8 133 min for column washing (100% B) and re-equilibration (100% A) respectively. 134
Two stage MS/MS spectra were acquired in the electrospray ionisation (ESI) negative ion 135 mode with full scan ranging from m/z 50 to 1300. 5 L/min of N2 was employed as the nebulizing 136 gas at 45 psi, 300°C. Capillary voltage and nozzle voltage were set at 3.5 kV and -500 V 137 respectively. Sheath gas (N2) was maintained at 11 L/min and 250 °C. 
O-[β-D-apiofuranosyl-(1→2)]-O-β-D-glucopyranoside
(F2) was quantified using 151 dihydroquercetin (or taxifolin). B1 and F7/B7 were not quantified since the peaks were not 152 confidently identified. All results for the compounds above were expressed as µg standards 153 equivalent per g of dry sample (µg vitexin equivalent per g of dry sample for F3 and F4, for 154 example). 155
Linearity of the selected seven standards, and their spike recovery which was performed 156 using lupin (Coromup, ER) seed coat and detected in free fraction are presented in table 2. The 157 limit of detection (LOD) and quantification (LOQ) were calculated at S/N ratios of 3 and 10 158 respectively. Six replicates of a mixed standards solution at a same concentration were freshly 159 prepared and analysed in a single day and six separate days to evaluate the intraday and inter-160 day precision respectively. The intra-and inter-day variations were calculated as relative 161 standard deviation (RSD) of the peak area. 162
Statistical analysis 163
Fragmentations of flavonoid aglycones and glycosides were designated using 164 nomenclature systems proposed by Ma, Li, Vanden Heuvel, and Claeys (1997) and Domon 165 and Costello (1988) respectively. Proposed mass spectrum fragmentation pathways were 166 drawn using ChemDraw Prime software (V 16.0, PerkinElmer, VIC, Australia). 167
All the results were reposted on dry basis (d.b.) and expressed as mean ± standard deviation 168 (n≥2). Two-way ANOVA with Tukey post hoc tests were conducted to investigate the main 169 effects of genotype (G), location (E) and their interaction (G×E). One-way ANOVA by Tukey test was performed to find any significant differences (P < 0.05) between means of genotypes 171 within locations. Independent samples t-test was used to compare across different locations. 172
All analyses were performed on SPSS Statistics V22 (SPSS Inc., Chicago, Illinois, US). 173 
Results and discussion
Dihydroflavonols in free faction 255
The strong UV-Vis absorption peak at 295 nm and the small peak of lower intensity 256 (shoulder) at 325 nm implied that the F2 could be flavanone or dihydroflavonol ( 
Quantification of individual polyphenols. 301
Results for HPLC-DAD method validation are shown in Table 2 . Briefly, the R 2 of the 7 302 analysed standards were all greater than 0.99, indicating good linearities within the ranges used. 303
The intra-and inter-day variations of all the standards were lower than 0.48% and 2.74% 304 respectively. Moreover, the percentage of recovery of these standards which spiked in lupin 305 (Coromup, ER) seed coat ranged from 97.61% to 104.38% with acceptable precision. The 306 results suggested that the HPLC-DAD method is adequate for quantifying the selected 307 phenolics. As mentioned, the quantity of individual phenolic compounds varied across the 6 367 genotypes and the 2 locations, whereas the profile was found to be constantly stable. Statistical 368 analysis revealed that the levels of free individuals and total free polyphenol content of ASL 369 seed coats were significantly affected by genotype, location and their interaction, with all of 370 the effects being significant at P < 0.01. In contrast, location exhibited no effects on total 371 flavones (P = 0.189). Among the 6 genotypes, the lowest F3 level, and accordingly, the lowest 372 total flavone content and total polyphenol content were measured in PBA Jurien (P < 0.01), 373 which followed by PBA Gunyidi (P < 0.01) and consistently so for both ER and WH. 374
Comparisons across the two locations, seeds of all genotypes harvested from WH accumulated 375 lower level of total hydroxycinnamics than that of the counterparts from ER (P < 0.001). The 376 higher temperature and UV radiation, but lower rainfall at WH tended to decrease free phenolic 377 acid derivatives levels in the lupin seed coats. A reverse trend, however, was observed in 378 genistein content. Collectively, location exerted effects on the levels of phenolic individuals but were in genotype-dependent manner; genotype was the determining contributor of the 380 observed variations. 381
Quantification of individual polyphenols in bound fraction. 382
It was the first time to evaluate bound polyphenols in lupin seed coat. Bound polyphenols 383 could reach colon then largely be metabolized by gut bacteria and show physiological benefits 384 Rousseau, 1995). In addition, they also esterify with various compounds (e.g., flavonoids, 398 sterols and hydroxycarboxylic acids), that can be cleaved by alkaline hydrolysis.
Following the trends in the results of polyphenol contents in the free fraction, the total 400 polyphenol contents varied among the genotypes and locations, but the results in bound fraction 401 showed much larger standard deviations. Generally, the effects of genotype, location and their 402 interaction on bound polyphenol quantity were found in great similarities with free fraction, Barlock (51.45 ± 4.96 µg/g d.b. and 63.38 ± 2.03 µg/g d.b. respectively). In contrast to free 413 fraction with respect to total bound polyphenol content, only PBA Gunyidi and Mandelup seeds 414 from WH showed statistically significantly higher than those of ER, but the remaining did not. 415
Conclusions 416
Up to the present time, lupin seed coat is a low value animal feed and a waste disposal remarkable concentration of F3 in the free polyphenol extracts highlighted the potential that 425 lupin seed coat could be good source for the compound. Taken together, these results of this 426 study support and promote the idea that ASL seed coat could be further value added by 427 exploring the potential for it as a fibre-polyphenol bioactive ingredient, manufacturing 428 flavonoid-fortified high fibre foods and flavonoid-based nutraceuticals, for example. However, 429 future studies are required to further optimize the phenolic extraction method and MS/MS 430 conditions (like using positive ion mode and higher collision energy); and isolate and 431 standardize F3 to confirm structures (especially its glycosylation patterns) using higher 432 resolution MS spectrometry and NMR; investigate the influences of processing, including 433 harvest, storage, dehulling, milling and food development technologies (e.g., baking, boiling, 434 extrusion) on polyphenol composition and bioavailability in ASL seed coat. 435
This study has also examined the impacts of genotype, environment and their interaction 436 on ASL seed coat polyphenols. The results demonstrated that both free and bound polyphenols 437 in ASL seed coat were significantly affected by all of genotypic and environmental factors. 438 However, the observed variation was largely attributed to genotype. Notwithstanding, only two 439 growing sites were selected in this study. Their environmental conditions were similar and 440 potential seasonal effects were not included. Further screenings, using a broader range of 441 environmental conditions, are important to obtain more comprehensive insights on this matter. 442 443 Acknowledgements 444
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